Glucose homeostasis is partly due to the metabolic action of insulin, which exerts its antihyperglycaemic action mainly in liver, adipose tissue and skeletal muscle. In the basal state, skeletal muscle utilizes little glucose as a fuel for its own needs [1] . In contrast, during postprandial periods the disposal of glucose is partly insulin-mediated and occurs mainly in skeletal muscle [2] , where it is largely stored as glycogen. At this time, skeletal muscle switches from a low glucose-consuming to a major carbohydrate-utilizing system. Glucose uptake is increased by the combined effects of the prevailing serum glucose concentration (mass action effect) and by endogenous insulin elevation which stimulates glucose extraction by recruiting and activating specific transporters.
abolic action, insulin also exerts haemodynamic effects in which the hormone appeared to induce vasodilation in skeletal muscle. By combining the euglycaemic clamp with the leg balance technique, studies demonstrated that insulin-induced vasodilation was preferentially directed towards skeletal muscle [5] , was dose-dependent and, more importantly, occurred at insulin levels within the physiological range [6] . In healthy patients, various techniques for blood flow measurement such as thermodilution [5, 7] or plethysmography [8--11] have documented that, under euglycaemic conditions, hyperinsulinaemia can increase skeletal muscle blood flow.
The potential physiological importance of this phenomenon has been suggested in obese non-diabetic [6, 12] , as well as in diabetic patients [13] , in which a defect in insulin-induced vasodilation was shown to be associated with defective peripheral glucose uptake. However, this hypothesis has been challenged by a series of recent investigations [14--16] .
Indeed all these studies concerned haemodynamic effects on large vessels and/or in whole organs. Moreover, studies investigating the vascular effects of high insulin levels have mainly been performed using the clamp procedure, in which normal dynamic changes are artificially eliminated due to the maintenance of constant hormone levels. However, macrovascular effects such as changes in forearm blood flow are only relevant if they occur in --or at least if they are transmitted to --the capillary bed which constitutes the ultimate site of exchange between blood and tissues [17] . That hyperinsulinaemia might also increase microflow has been suggested by non-invasive measurements in humans, in which it was postulated that the flow increase observed with insulin was mainly due to capillary recruitment [18--20] .
Physiologically, however, plasma insulin levels increase subsequent to acute elevations of glycaemia. Currently no study has examined the direct effects of concomitant hyperinsulinaemia and hyperglycaemia on microvascular dimensions in situ, although they represent likely physiological stimuli of the vasculature. It therefore appears of upmost importance to investigate the vascular effects of insulin on the skeletal muscle microcirculation in both normo-and hyperglycaemia. The elucidation of possible haemodynamic effects of these compounds at the level of nutritive small vessels in normal animals was therefore the main objective of this in vivo study; knowledge of the microvascular reactivity to these physiological substances should constitute the basis for subsequent investigations in pathological situations such as insulin resistance and diabetes.
Materials and methods
Experimental protocols. Male Wistar rats (Iffa Credo, l©Arbresle, France) weighing 200--230 g were used for the experiments. The animals were kept under controlled conditions of light (07.00--19.00 hours), temperature (22 ± 1°C) and humidity (50 ± 10 %).
Fasted rats were anaesthetized by intraperitoneal injection of 60 mg/kg pentobarbital sodium. The body temperature of animals was kept constant at 37 ± 1°C with a heating pad. The trachea was intubated with a polyethylene tube (PE-250, Guerbet Biomedical, Louvres, France) to facilitate spontaneous breathing. Polyethylene catheters (PE-50) were inserted into the jugular vein for drug injections and into the carotid artery for blood pressure measurement and blood sampling. Then, the ventral surface of the right spinotrapezius was surgically prepared for in vivo visualization. After completion of the surgical procedure, the animals were allowed to stabilize for 30 min. Precapillary arterioles (smaller than 20 mm) were selected and the value of arteriolar diameter at this time was considered as basal diameter.
In a first series of experiments, animals were injected subcutaneously with insulin (Actrapid, Novo Nordisk Pharmaceutique S. A., Boulogne, France; 1 IU/kg and repeated injections of 0.25 mIU/kg every 15 min; n = 6). Rats injected with NaCl 0.9 % (n = 6) were used as controls. Insulinaemia and glycaemia were determined just before insulin administration and at time 12, 27 and 42 min. Twelve minutes after insulin or isotonic saline injections, rats were injected with U- In a second series of experiments, animals were infused intravenously with 1.3 ml of glucose during 1 min (1.5 g/kg; n = 7). Rats infused with 0.9 % NaCl i. v. (n = 6) were used as controls. Insulinaemia and glycaemia were determined just before glucose administration and at time 10, 25 and 40 min. Ten minutes after glucose or 0.9 % NaCl infusions, rats were injected with U- ; i. v.) and the rats were killed 3 min after its administration.
In a separate group, plasma osmolality was measured at time 0, 5, 15, 30 and 45 min after glucose infusion (1.5 g/kg).
Preparation of the spinotrapezius muscle. The right spinotrapezius was surgically prepared according to the method described by Gray [21] . Briefly, a longitudinal slit was performed in the skin along the spine from the cervical to the midlumbar region. The connective tissue which covers the muscle was carefully removed. A slit was made with iridectomy scissors at the lateral border of the spinotrapezius and its ventral surface was exposed; four sutures were tied to the border of the muscle at 1 cm intervals to keep the spinotrapezius exteriorized, in situ.
During the preparation and experimental observations, the skeletal tissue was continuously superfused with a bicarbonate/ HEPES-buffered saline solution containing (in mmol/l) 110 NaCl, 4.7 KCl, 2 CaCl 2 , 1.2 MgSO 4 , 18 NaHCO 3 , 15.39 HEPES and 14.61 HEPES Na + -salt. The temperature of the solution was kept at 36°C and the pH was set at 7.4 by bubbling the solution continuously with 5 % CO 2 in 95 % N 2 . Superfusion flow rate was maintained at 4--5 ml/min.
Intravital microscopy. To visualize the microcirculation, the preparation was placed under an intravital microscope (Axioplan, Carl Zeiss, Oberkochen, Germany), and the spinotrapezius muscle was observed by transillumination. Images of the vessels were examined by a close-circuit video system including a black and white camera (4912--5000, Cohu, San Diego, Calif., USA), a video timer (VTG-33; For. A, Tokyo, Japan), an S-VHS video cassette recorder (BR-S605E; JVC, Tokyo, Japan) and a black and white monitor. This equipment, with a × 10 long distance Epiplar objective (Carl Zeiss, Oberkochen, Germany), allowed the observation of microcirculatory fields of 1 × 0.77 mm. The magnification range was calculated using a stage micrometer. A Shott BG 12 blue band pass filter helped to increase the image contrast.
Microcirculatory fields were selected for observation based on image clarity and branching order. Each field was recorded for 2 min. The video signal was digitized through an acquisition board Raptor Bitflow (Imasys, Suresnes, France) placed in a PC 486 microcomputer.
Arteriolar diameters were determined by measurements of the red blood column diameters, the median value of at least five consecutive diameter measurements being considered as the real diameter. This was realized by a playback analysis of the video record using a self-developed image processing system. The image was coded as 768 by 572 pixels, with 256 grey levels. The isotropic orientation of the vessel was used to increase the signal/noise ratio, by integration of the segments perpendicular to the user©s defined segment. The diameters were computed at 50 % of the grey level amplitude of the integrated signal.
The percentage of the selected arterioles presenting vasomotion, defined as rhythmic variations of the vessel diameter (1 to 8 cycles per min), was also determined in each experimental group. To do this, the film of the experiment was played back at a speed of ± 4 times normal to perceive more clearly any variation of the vessel diameter.
Blood pressure measurements. The arterial blood pressure signal, transmitted to a blood pressure analyser (Harvard Apparatus 60--3003, South Natick, Mass., USA), was digitized at 100 samples/s. Each second, mean blood pressure and heart rate were computed, displayed and stored using a dedicated software developed under Labview for Windows (National Instrument, Austin, Texas, USA). All animals with a mean arterial pressure less than 90 mmHg were excluded. The blood pressure values at time 0, 15, 30 and 45 min are the average values measured during 5 min, i. e. during each period of video recording.
Microvascular blood flow.
125 I-labeled isopropyl-amphetamine (C. E. A., Saclay, France) was used as a tracer for microvascular perfusion. This compound is trapped by the endothelium on its first passage through the vessels and permits measurements similar to those using the smallest microspheres [22] . The tracer was injected intravenously 3 min before the end of the experiment and muscle samples were counted in a 125 I calibrated gamma-counter.
Local skeletal muscle glucose uptake. Glucose uptake was measured according to the technique described by Sokoloff et al. [22] , using 14 C-2-DG (NEN Life Science Products, Les Ulis, France) as a circulating tracer. Muscle glucose consumption was calculated after determination of the plasma elimination kinetics of 2-DG and glycaemia. The radiolabelled tracer was injected i. v. and blood samples collected at 15, 30 and 45 min. At the end of this period, skeletal muscle was removed and solubilized in Soluene-350. Radioactivity was measured in a calibrated beta-counter after addition of 10 ml Hionic-Fluor as liquid scintillation.
Analytical methods. Arterial blood samples (400 ml) were collected in Eppendorf tubes for glycaemia, insulinaemia and osmolality determinations. Plasma glucose concentrations were measured by the glucose oxidase method. Serum insulin levels were determined by an insulin CT radioimmunoassay kit (CIS Bio International, ORIS Group, Gif/Yvette, France). Plasma osmolality was measured using a micro-osmometer model 3MO + (Advanced Instruments Inc., Worwood, Mass., USA).
Statistical analysis. Results are expressed as mean ± SEM. Between-group comparisons of metabolic parameters were performed using the Mann Whitney test. The data for blood pressure and arteriolar diameters were analysed using two-way analysis of variance (ANOVA) to identify time and drug effects. When a significant value was demonstrated, one-way ANOVA was performed, followed by the Scheffe-test, to analyse the time effect in each experimental group and drug effect for each series of experiment. Between groups, comparisons of the percentage of arteriolar vasomotion were made using the chi-square test. p less than 0.05 was considered statistically significant.
Results
Effects of insulin injection 1. Metabolic parameters. Glycaemia and insulinaemia were not modified by isotonic saline. Twelve minutes after the first subcutaneous insulin injection, plasma insulin was increased (915 ± 74 vs 129 ± 20 pmol/l), without modification of blood glucose. Insulin injected animals maintained an elevated insulinaemia throughout the experiment and showed a moderate but significant decrease in glycaemia which developed progressively (Table 1) .
2. Blood pressure, arteriolar diameter and vasomotion. Blood pressure, heart rate, arteriolar diameters and percentage of vasomotion remained unmodified in the saline group. Insulin did not modify heart rate but induced a moderate decrease in blood pressure; the effect being significant at time 30 and 45 min (Table 1). Arteriolar diameters in the spinotrapezius muscle were significantly increased by insulin. This vasodilation was already present at time 15 min, and persisted until the end of the experiment (Fig. 1) . Percentage of arteriolar vasomotion was unaffected by insulin or isotonic saline (data not shown). Effects of intravenous glucose infusion 1. Metabolic parameters. No modification of glycaemia or insulinaemia was observed in the control group. As expected, 10 min after intravenous infusion of glucose, blood glucose and insulin were markedly increased. At the end of the experiment, insulinaemia had returned to baseline values whereas blood glucose remained only slightly but significantly increased (Table 2 ).
2. Blood pressure, arteriolar diameter and vasomotion. As shown in Table 2 and in Figures 2 and 3 , blood pressure, vessel diameters and percentage of vasomotion remained unchanged after isotonic saline infusion at any time of the experiment. In contrast, 15 min after glucose administration, the animals exhibited a significant decrease in the arteriolar diameters. This vasoconstriction persisted until the end of the experiment and was associated with a progressive increase in the percentage of the vasomotion, the effect being significant at time 30 and 45 min. However, no change in the mean blood pressure was observed in glucose-injected animals.
3. Blood flow and glucose uptake. Measurements of microvascular blood flow performed at the end of the experiment showed comparable values in glucose-and saline-injected animals (9.2 ± 2.5 vs 7.1 ± 1.7 ml ⋅ min --1 ⋅ 100 g muscle --1 , in control group). Glucose infusion induced a significant in- Table 1 . Evolution of glycaemia, insulinaemia, mean arterial blood pressure and heart rate, following injections of insulin or isotonic saline in 7-week-old fasted rats Table 2 . Evolution of glycaemia, insulinaemia, mean arterial blood pressure and heart rate following intravenous infusions of glucose 1.5 g/kg and isotonic saline in 7-week-old fasted anaesthetized rats ⋅ 100 g muscle --1 , in control group). Figure 4 , glucose administration induced an initial rise in osmolality which, however, returned to normal at 15 min postinfusion and was not different from controls for the duration of the experiment.
Osmolality. Lastly, as indicated in

Discussion
Skeletal muscle is a main target tissue for insulin action to promote glucose uptake. During the postprandial period, this action is strongly stimulated to build up glycogen stores. Blood flow has been suggested to participate in this process [24] but the role of increased flow per se in determining peripheral glucose uptake remains controversial [14--16, 25]. Moreover, most clinical techniques for measuring blood flow are limited to an estimation of the global organ flow because of their non-invasive nature. However, nutrient delivery depends on the blood flowing through the terminal feeding vessels which branch into capillary units. Differences in the techniques used to measure blood flow can induce misinterpretations since the determining factor is where blood is ultimately flowing through [17, 26] . It is therefore important to investigate whether insulin and glucose influence the dynamics of small blood vessels in vivo, since those substances fluctuate to large extent several times daily.
We first determined whether the vasodilation in large vessels with insulin observed in many studies was also manifested at the microcirculatory level. Indeed, we found that, in the physiological range, the hormone induced a clear increase in the diameter of the precapillary arterioles. Our data are in good agreement with clinical observations [5, 7--11] as well as with studies on isolated small vessels in vitro [27] or in the cremaster muscle in vivo [28] . This effect was seen both during normoglycaemia and during the moderate hypoglycaemia which followed insulin administration.
Most investigations on the haemodynamic effects of insulin have been performed by using the clamp procedure. However, the latter presents at least two drawbacks in relation with this type of study: a) hyperinsulinaemia, in addition to likely exceeding physiological levels, is usually induced in the presence of euglycaemia and b) the physiological dynamics of glycaemia and insulinaemia are lost. This context does not correspond to the daily profile of these compounds in blood and therefore we were interested in looking at the haemodynamic effects of acute hyperglycaemia. Intravenous infusion was selected as the method of glucose administration in order to ensure homogeneity in plasma glucose kinetics. The protocol was adjusted so that the resulting plasma insulin levels were similar to those attained with insulin alone. Our data clearly show that in this situation, where high insulin concentrations, coexist with high glucose (as occurs during postprandial periods), the diameter of terminal arterioles decreases in the absence of any significant modification in mean arterial blood pressure. Our data demonstrate that, at similar plasma insulin concentrations, the vasodilation observed with insulin alone does not occur when concomitant hyperglycaemia exists. The suggestion that acute hyperglycaemia can induce vasoconstriction is corroborated by several observations: in vitro, glucose favours vasoconstriction [29, 30] and, in vivo, glucose impairs the endothelium dependent vasodilation in rat intestinal or cerebral arterioles [31, 32] as well as in human forearm [33] .
Although clarification of these hypotheses was beyond the scope of our present investigations, several explanations can be proposed. First, the level of glycaemia achieved shortly after infusion induces an early increase in plasma osmolality, but arteriolar constriction was still observed at times when osmolality had returned to normal long before. The haemodynamic effects of osmolality are largely unknown but, if anything, are rather characterized by vasodilation [34, 35] . Second, a direct constrictive effect of glucose could also result from enhanced production of some prostanoïds [36, 37] , endothelin [38] or a stimulation of protein kinase C [39--41] . Third, since vessel caliber is also largely influenced by metabolites in the surrounding tissue, products of local glucose utilization in the muscle may have induced local vasoconstriction. However, we and others did not observe any change in small vessel diameter when the exteriorized muscle was superfused with high glucose, thereby making this hypothesis unlikely [Michoud E., unpublished results; 42] . Finally, terminal arteriolar constriction may also be driven by nervous inputs since both insulin and glucose are known to stimulate different components of the sympathetic nervous system [43, 44] . Future studies will be implemented to identify the precise mechanisms.
Our data also show that increased glucose consumption was achieved in spite of a partial constriction of terminal supplying arterioles in the anaesthetized preparation of the skeletal muscle. In contrast to the exercising muscle in which flow increases to adapt to the metabolic needs of the tissue, there is less evidence for a coupling between both parameters in the resting state. This disagrees with the initial proposal by Baron et al. [24] but is in line with several recent reports suggesting that muscle flow and glucose uptake are not necessarily linked [14--16, 25] . On the other hand, it is worth noting that, at 45 min post-infusion, local blood flow in our preparation was not reduced despite partial reduction in arteriolar diameter. This situation, which might appear paradoxical at first can be explained by the concomitant increase in arteriolar vasomotion which is seen in a large number of arteriolar branches. This phenomenon is well documented in the microcirculation research area, and appears as a cyclic contraction/relaxation observable in most vascular beds at the level of the small feeding vessels [45] . Vasomotion is a regulatory process that ensures an optimal time-related distribution of blood through vicinal capillary units, so that more microvessels are perfused per unit time with the same amount of blood [46, 47] and is considered to be linked to an increase in microvascular tone [48--50] . Our results therefore suggest that, whereas flow must be decreased in individual capillary units supplied by arterioles with reduced caliber, global tissue perfusion is not reduced but maintained at a constant level. This is what is expected from the initiation of vasomotion as a physiological regulatory phenomenon optimizing the delivery of blood in an "economic"" fashion. Thus, when investigating blood flow at the terminal level of the vascular bed, we have no evidence to support an increase in flow in the spinotrapezius muscle under conditions of physiological, i. e. glucose mediated, hyperinsulinaemia. This finding agrees with a lack of forearm blood flow modification after a mixed meal in humans [51] . One might hypothesize that the reduction in arteriolar diameter prevents capillaries from increased pressure and/or redistributes blood through the microvascular bed in a most efficient way, in order to supply more muscle fibers for glucose storage.
In conclusion, our data provide the first demonstration that, under conditions of dynamic changes, characterized by combined hyperinsulinaemia and hyperglycaemia such as occurs after meals, major microvascular modifications can be seen. In particular, hyperinsulinaemia is no longer vasodilating in such conditions either because this property is lost or is blunted by a marked vasoconstrictive effect of glucose. However, local blood flow was not reduced but in contrast was kept constant, probably reflecting a redistribution of blood in an optimized fashion. Arteriolar constriction is known to be a key mechanism in microcirculatory physiology as exemplified by the myogenic reflex [52] . Impaired arteriolar vasoconstriction has been demonstrated in various studies in diabetic animals and patients, when microvessels were challenged by various tests [53--55] . This defect has led to the Áhaemodynamic hypothesis© of diabetic microvascular complications [56] . A disorder of peripheral vasomotion has also been found in diabetic microangiopathy [57--59] . It will therefore be interesting to extend these studies towards states of experimental insulin resistance and diabetes, in order to determine whether microvascular defects are involved in the reduced muscle glucose utilization under such circumstances.
